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A two-scale numerical approach to predict the effective in-plane properties of helical ﬁlament-
wound thin-walled cylindrical tubes is provided. A meso-scale repeated unit cell (RUC) model
for a ﬁlament-wound tube is established according to the manufacturing process, in which
cross-overs, undulations and overlaps of ﬁbre bundles are described using a bottom-up solid
modelling technique. An approach to implement the general periodic boundary conditions
in a ﬁnite element analysis scheme is also presented. As an application example, the effective
in-plane elastic constants of glass ﬁbre/epoxy ﬁlament-wound tubes are predicted and the
inﬂuences of the number of the winding circuits and the shape of the ﬁbre bundles are ana-
lyzed and discussed. In addition, the stress/strain distribution in the RUC is obtained which
provides the essential information on the stress/strain concentration due to ﬁbre cross-over/
undulation/overlap. This then indicates the location where damage will initiate.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Filament winding is one of the few automated processes currently available for producing composite components with
continuous ﬁbre reinforcement arranged in precisely controlled directions (Soden et al., 1993). Compared to their metallic
counterparts, the ﬁlament-wound composites have the advantages such as high strength to weight ratio and high corrosion
resistance, which have led to the use of ﬁlament-wound structures in many industrial applications.
For a ±h helical wound cylinder, the ﬁbre bundles (tows) in one direction interweave with the ﬁbre bundles in the other
direction, thus produce ﬁbre cross-overs in the architecture of the components (Claus and Hahn, 1991; Hipp and Jensen,
1992; Rousseau et al., 1999). The location of the cross-overs is determined by the winding parameters as noted by Claus
and Hahn (1991). In cross-over regions, ﬁbre bundles on the top will undulate. The change in ﬁbre orientation through
the thickness results in variations in the load path and in the local stress/strain concentration. Therefore these regions with
undulated ﬁbre bundles will have tangible inﬂuence on the stiffness and damage evolution of the tubular structures. In addi-
tion, the cross-overs also increase the likelihood of other manufacturing related defects such as voids, resin-rich areas and
ﬁbre waviness (Hipp and Jensen, 1992; Rousseau et al., 1999). Obviously, these cross-overs are inherent to the winding pro-
cess, which can not be eliminated through quality control; therefore, it is imperative to include these local variations in
geometry and material properties in the analysis.
Other types of composite materials such as woven fabric, knitted, or braided composites also contain local ﬁbre variations
and their inﬂuences on the stiffness and damage behaviour of composites are demonstrated by numerous studies that have
been conducted. These investigations can be classiﬁed as analytical models (Ishikawa and Chou, 1982; Ishikawa and Chou,. All rights reserved.
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2001; Lomov et al., 2007, amongothers). In the analytical approaches,models based on classical laminate theory (CLT) are used
mainly to predict laminate level properties. Themodels developedby IshikawaandChou (1982, 1983) include themosaicmod-
el, the ﬁbre undulation model, and the ﬁbre bridging model. Raju and Wang (1994) provided a two-dimensional CLT analysis
that includes plain weave, 5- and 8-harness satin weave patterns. In numerical models, many authors have used the ﬁnite ele-
mentmethod (FEM) todetermine themechanicalbehaviourof representativeunit cells of textile composites.Whitcomb(1989)
analyzed plain weave textile composites using brick elements and predicted properties of the unit cell for different waviness
ratios and strain concentrations in the ﬁbre cross-over regions. Tang and Whitcomb (2003) proposed a systematic procedure
for deriving boundary conditions for partial unit cellswithmicrostructural periodicity and translational and rotational symme-
tries. State of the art advances and critical issues of a ﬁnite element simulation of textile composites such as the solidmodelling
of the unit cell, meshing, speciﬁcation of proper boundary conditions and determination of the properties of the yarn can be
found in the works of Lomov et al. (2001) and Lomov et al. (2007). Crookston et al. (2005) presented a review of some of the
analytical andnumericalmodels pertaining to themechanics of textile compositeswhichhave beenpublished in the literature.
Despite certain similarities in ﬁbre architecture between woven and ﬁlament-wound composites, there is difference in
the way that the matrix material is infused into the composite system. In the woven case a dry ﬁbrous skeleton is con-
structed and inserted in a mould. Then resin is injected which may result in pure resin zones (resin pockets). In the ﬁlament
winding technique, wet impregnated ﬁbre tows are wrapped on a mandrel; ideally, there should be no resin pockets. Differ-
ence in microscopic structures can result in varied macroscopic mechanical responses and local stress/strain concentrations.
Hipp and Jensen (1992) and Rousseau et al. (1999) have provided analytical and experimental results on the inﬂuences of the
cross-overs on the behaviour of ﬁlament-wound tubes, respectively. However, to the authors’ best knowledge, there are no
numerical/ analytical studies where the ﬁbre bundle cross-overs, undulations, and overlaps are explicitly presented in a three-
dimensional RUC of a ﬁlament-wound structure.
Asymptotic homogenization theory can be used in the micro/meso-mechanical analysis of composites with periodic
internal structures (Suquet, 1987; Bakhvalov and Panasenko, 1989). The analysis of a repeated unit cell (RUC) under general
periodic boundary conditions (PBC) can be found in Suquet (1987), Michel et al. (1999), Anthoine (1995), Luciano and Sacco
(1998); and the implementation in FEM analysis for multiaxial loading case are presented in Jansson (1992), Smit et al.
(1998), Xia et al. (2003), Taliercio (2005), among others. Lomov et al. (2007), has rightly pointed out that the application
of proper boundary conditions considering the periodicity and symmetries of the RUC has been an important research topic
in the ﬁnite element analysis of textile composites. In the scheme to specify PBC in a ﬁnite element analysis proposed by
Smit et al. (1998), displacement constraint equations were expressed using displacement components of the corner nodes
of a RUC, which are referred as ‘‘master nodes”. Note that this scheme is convenient in the implementation into a commercial
FEM code, and moreover, the global stress components can be speciﬁed as the corresponding forces on the master nodes (no
pseudo nodes are needed). In this investigation, it is shown that arbitrary chosen pairs of nodes can act as the master nodes,
and the corresponding PBCs for the speciﬁcation of multi-axial global strain and stress are formulated.
In this paper a two-scale numerical approach to predict the effective in-plane properties of ±h helical ﬁlament-wound
tubes is provided. First, effective material properties of a homogenized ﬁbre bundle are obtained from the ﬁnite element
analysis of the micro-scale RUC, which is similar to a unidirectional laminate. Second, based on the parameters controlling
the winding process, a meso-scale RUC for a composite tube is established with the assumed geometry of the ﬁbre bundle
and the winding pattern. The effective properties of the ﬁlament-wound thin-walled cylindrical tube are then determined
through the ﬁnite element analysis of the meso-scale RUC model.
To create the meso-scale RUC model of a ﬁlament-wound cylindrical component, a bottom-up solid modelling technique
is adopted in which the RUC models are constructed by three types of basic blocks. These blocks represent the complex ﬁbre
architectures including the cross-overs, undulations and overlaps between different winding passages of the ﬁbre bundles. A
software package is developed using the ANSYS Parametric Design Language (ANSYS, Inc., 2005) to automatically create the
meso-scale RUC models and conduct the analysis including meshing, specifying the periodic boundary conditions, and post-
processing, to obtain the effective properties.
As an application example, the effective in-plane elastic constants of an E-glass ﬁbre/epoxy matrix ﬁlament-wound tube
(±45 helical winding) is determined using the ﬁnite element code ANSYS. The inﬂuences of the number of the winding cir-
cuits and the shape of the ﬁbre bundles are analyzed and discussed. The results obtained are compared with the predictions
of the CLT and modiﬁed CLT models and it is found that these models over-estimate the elastic constants. In addition, it will
be shown that the undulation/overlap of the ﬁbre bundles has a pronounced inﬂuence on the distribution of stress/strain
components in the meso-scale RUC, leading to local stress concentrations.2. Modelling of a ﬁlament-wound tube
2.1. Winding process and parameters
Fig. 1 schematically shows the winding process of a tube with ±h layers. For the sake of clarity, the tube is cut and un-
folded to a rectangle with a width of pD, where D is the diameter of the cylindrical tube. The winding process consists of
the following steps:
Fig. 1. Winding process of a tubular with ±h ﬁbre bundles.
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deﬁned with respect to the axial direction (Fig. 1a).
(2) The second passage of ﬁbre is laid in h direction from the left to the right of the mandrel. The second and the ﬁrst
passages complete the ﬁrst circuit of the winding. As shown in Fig. 1b, these two placements of ﬁbres in the two direc-
tions divide the tubular into an array of rhombus which is repeated in the +h and h helical directions. When the sec-
ond passage passes over the ﬁrst passage, cross-overs of ﬁbre bundles occur.
(3) The remaining circuits will completely cover the mandrel to form a tube with uniform thickness. Usually, there are
different winding modes to place the second circuit (consisting of the third and fourth passages) and the other circuits.
In this paper, we consider a most common winding mode in which the second circuit and the remaining circuits are
placed immediately adjacent to the proceeding one, i.e., there is no uncovered area between the consecutive circuits of
ﬁbre bundles. Fig. 1c and d show the formation of the second circuit from the third and fourth passages.
From Fig. 1, one can see that for the second circuit, there are new locations of cross-over formed, which include the pas-
sage 3 over passage 2, and passage 4 over both passages 1 and 3. Therefore in the ﬁnal wound-tubes, the cross-overs have a
distribution pattern determined by the winding parameters.
The number of winding circuits (n) needed to form a tubular component is determined by the winding angle (h), the
diameter of the tube (D), and the bandwidth (w) of the ﬁbre bundle:n ¼ pD cos h
w
: ð1ÞNote that in Eq. (1), real number parameters D, h andw are carefully determined in the winding practice to ensure that the
tube can be wound by n (an integer number) circuits of ﬁbre bundles. A detail discussion of this issue can be found, e.g., in
Rousseau et al. (1999).
As shown in Fig. 1, in the unfolded plane the repeated passages of ﬁbre bundles divide the tube into a series of rhombus
which can be selected as a RUC. This ﬂat RUC will be used to obtain the in-plane effective properties of the tube. It should be
noted that in this paper we consider thin-walled tubes in which the ratio of the wall thickness to the diameter of the tube is
less than 0.05. Therefore, it is reasonable to assume that the effective in-plane elastic constants predicted by a ﬂat rhombus
RUC model will be a good approximation of that based on a tubular structure.
2.2. Cross-section of ﬁbre bundles
The shape of the ﬁbre bundle can be measured by microscopic observations on the specimen cut from the ﬁnal wound
tube (Rousseau et al., 1999). In this paper the ﬁbre bundle is assumed to be a strip with the cross-section shown in Fig. 2.
It is a rectangle with two wings at the two ends. The slope of the wings is the slope of the undulation of the ﬁbre bundle
crossing over the wings. The following function is chosen to describe the wing curve,
Fig. 2. Cross-sectional geometry of the ﬁbre bundle.
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ð2Þwhere the origin of x, y is at the wing tip (Fig. 2).
When two ﬁbre bundles with the same orientation (both +h bundles or both h bundles) are placed together, the wing
parts will be overlapped. Thus the effective bandwidth of the assumed ﬁbre bundle is 2a + b. Designating the thickness of the
ﬁbre bundle as h, we introduce two dimensionless parameters, fa = a/h, fb = b/h, hence Eq. (1) is modiﬁed ton ¼ p cos h
2f a þ fb
D
h
 
ð3ÞThus the geometry of a RUC is determined by four independent dimensionless parameters from among h, fa, fb, n, and D/h.
As indicated by Rousseau et al. (1999), when two ﬁbre bundles in the +h and h orientations cross-over each other, the
length of an undulation is closely related to the thickness of the tow (6 to 10 times the thickness in most cases), which is only
a portion of the width of the ﬁbre bundle. The assumed cross-section shape shown in Fig. 2 captures this feature in which the
undulation length is represented by the assumed wing size b. In addition, winding via the assumed ﬁbre bundle will form a
seamless tube with a uniform thickness. Although the cross-overs/undulations/overlaps of the ﬁbre bundles are accurately
described, the possible defects such as the resin-rich areas or voids are not included in the model.
2.3. Solid modelling of a meso-scale RUC with cross-overs
Considering the assumed shape of the ﬁbre bundles shown in Fig. 2, the resulting RUC model for the ﬁnite element anal-
ysis will have complex ﬁbre architectures including the cross-overs, undulations, and overlaps between different winding
passages of the ﬁbre bundles. With the advance of computer technology, many softwares are now available which can be
used to build a solid model. In this paper, ﬁnite element package ANSYS is used to conduct the analysis and the solid mod-
elling module embedded in ANSYS is used to generate the solid model of the complicated RUC. A supplementary software is
developed using the ANSYS Parametric Design Language (APDL) (ANSYS, Inc., 2005) to automatically create the 3-D RUC
models with different parameters (h, n, fa, fb). Fig. 3a shows a RUC for ±45 wound tubular with n = 3, fa = fb = 5. A careful
study of the structure of the RUC reveals that it is composed of the following three types of basic blocks as shown in
Fig. 3b: the cross-overs with three layers (A), the cross-overs with four layers (B), and the uniform part without undulations
(C), respectively. Therefore, the RUC model can be built using a bottom-up approach from the three basic blocks. The main
procedures can be summarized as:
(1) Create the three basic blocks A, B and C (Fig. 3b) according to the parameters fa and fb. Note that the dimensions of the
three basic blocks are:
Block A: fah  fbh  2h;
Block B: fbh  fbh  2h;
Block C: fah  fbh  2h, or fah  fah  2h, or fbh  fbh  2h.
(2) Duplicate numbers of each type of the basic blocks. The numbers required are determined by the winding circuit n.
(3) Move the individual basic blocks to the proper positions and thus complete the RUC model. Note that some blocks
need additional rotation (including mirroring) to correctly ﬁt in their position.
The operations such as ‘duplicate’, ‘move’, and ‘rotate’ used above are standard Boolean operation on objects and are usu-
ally provided by most solid modelling software. On the other hand, the three types of basic blocks can also be built by bot-
tom-up approaches with sequences of lines (including curves), surfaces and volumes. Note that in this paper curves
expressed by Eq. (2) are ﬁtted by cubic splines.
In the RUCmodel for the thin-walled tube, the ﬁbre bundles are considered as homogenized material, individual ﬁbres are
not included explicitly, therefore, the RUC model is referred to as meso-scale model.
Fig. 3. Three dimensional meso-RUC model of a ﬁlament-wound tube and three types of basic building blocks.
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Many composites can be envisioned as a periodical array of the RUCs, for example, a ﬁlament-wound tube as shown in
Fig. 1, or a unidirectional laminate of continuous ﬁbre reinforced composites. Therefore it is adequate to obtain a solution
based on a single RUC, except for the boundary layer of the body. To solve the boundary value problem in the domain of
the RUC, conditions on the boundary of the RUC, C, should be properly determined in order to ensure continuity of boundary
displacements and tractions across adjacent RUCs. For a periodic array, the displacement ﬁeld can be expressed as (Suquet,
1987):uiðx1; x2; x3Þ ¼ eijxj þ ui ðx1; x2; x3Þ ð4Þ
where eij is the global strain applied to the periodic body, and ui is the periodic part of the deformation (Note that in this
paper summation convention is used over repeated indices). In addition, for a periodic RUC the tractions on the opposite
boundary surfaces should also meet the continuity condition, i.e.,rijðMÞnjðMÞ ¼ rijðNÞnjðNÞ ð5Þ
whereM and N are an arbitrary pair of periodic points on the two opposite boundary surfaces and nj is the components of the
unit outward normal vector to the surfaces, see Fig. 4.Fig. 4. A general 2-D repeated unit cell.
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age strain and the average stress over the RUC with volume V can be written aseij ¼ 1V
Z
V
eijðx1; x2; x3ÞdV ð6Þ
rij ¼ 1V
Z
V
rijðx1; x2; x3ÞdV ð7ÞWithout loss of generality and for the sake of clarity, we present the boundary conditions for a 2-D case. As shown in
Fig. 4, the entire boundary of the RUC is designated as C = C1 [C2 [ C3 [ C4, where (C1, C3) and (C2, C4) are two pairs
of the parallel sides. Note that the boundaries are not necessarily straight lines (It is not necessary either that surfaces in
a 3-D case to be ﬂat). Select a pair of periodic points, P and Q, on arbitrary locations of boundariesC1 andC3, and another pair
of R and S, on C2 andC4. These four points will be termed ‘master nodes’.
3.1. PBC for applied global strains eij
When specifying the global strain eij, the boundary conditions applied to the RUC can be expressed as displacement
constraints which enforce the boundaries of the RUC being parallel prior to and after the deformation (Anthoine, 1995;
Xia et al., 2003). On the boundary pair (C1, C3), for an arbitrary pair of periodic points M, N, we denote the displace-
ment difference as ui(M 2 C1)  ui(N 2C3) = ui(C1)  ui (C3). Therefore these displacement constraints can be written as:
For an arbitrary pair of periodic points on (C1, C3)uiðC1Þ  uiðC3Þ ¼ uiðPÞ  uiðQÞ ¼ eij½xjðPÞ  xjðQÞ ð8Þ
Similarly for an arbitrary pair of periodic points on (C2, C4)uiðC2Þ  uiðC4Þ ¼ uiðRÞ  uiðSÞ ¼ eij½xjðRÞ  xjðSÞ ð9Þ
Note that for a given RUC, since the boundaries are parallel pairs, thenxiðPÞ  xiðQÞ ¼ DxiðP;QÞ ¼ const ð10Þ
xiðRÞ  xiðSÞ ¼ DxiðR; SÞ ¼ const ð11ÞEqs. (8) and (9) imply that the displacement differences after deformation are constants, hence satisfy the displacement
periodic requirement.
As proved by Xia et al. (2006), when the displacement constraints, Eqs. (8) and (9), are applied, a unique solution will be
obtained in a displacement-based FEM analysis and the traction continuity condition, Eq. (5), will be satisﬁed automatically.
After the solution, the average stresses over the RUC can be evaluated by Eq. (7). Furthermore, using the Gauss’ theorem
and the equilibrium equation, the average stress can be calculated byrij ¼ 1V ½xjðPÞ  xjðQÞ
Z
C1
riknkdCþ ½xjðRÞ  xjðSÞ
Z
C2
riknkdC
 
ð12Þwhere
R
C1 rijnjdC and
R
C2 rijnjdC are resultant tractions on the boundaries C1 and C2, respectively. Thus it is shown that the
average stresses are only determined by the tractions on the boundaries of the RUC.
3.2. PBC for applied global stresses rij
When known global stresses rij are applied to the RUC, the proposed boundary conditions can be written as:
For an arbitrary pair of periodic points on (C1, C3)uiðC1Þ  uiðC3Þ ¼ uiðPÞ  uiðQÞ ð13Þ
For an arbitrary pair of periodic points on (C2, C4)uiðC2Þ  uiðC4Þ ¼ uiðRÞ  uiðSÞ ð14Þ
On the master nodes P, Q, R, SFiðPÞ ¼ FiðQÞ ¼
Z
C1
rijnjdC ð15Þ
FiðRÞ ¼ FiðSÞ ¼
Z
C2
rijnjdC ð16ÞNote that in Eqs. 13, 14, the displacement on the master nodes and their differences are NOT speciﬁed. Although rij is
unknown before the solution, the resultant traction
R
C1 rijnjdC and
R
C2 rijnjdC can be expressed by the known global stress
rij to be applied. The forces in Eqs. 15, 16 can be solved from Eq. (12). The expressions are:
5328 Y. Zhang et al. / International Journal of Solids and Structures 45 (2008) 5322–5336F1ðPÞ ¼ V
r11Dx2ðR; SÞ  r12Dx1ðR; SÞ
Dx1ðP;QÞDx2ðR; SÞ  Dx1ðR; SÞDx2ðP;QÞ ð17Þ
F2ðPÞ ¼ V
r11Dx2ðR; SÞ  r22Dx1ðR; SÞ
Dx1ðP;QÞDx2ðR; SÞ  Dx1ðR; SÞDx2ðP;QÞ ð18Þ
F1ðRÞ ¼ V
r12Dx1ðP;QÞ  r11Dx2ðP;QÞ
Dx1ðP;QÞDx2ðR; SÞ  Dx1ðR; SÞDx2ðP;QÞ ð19Þ
F2ðRÞ ¼ V
r22Dx1ðP;QÞ  r12Dx2ðP;QÞ
Dx1ðP;QÞDx2ðR; SÞ  Dx1ðR; SÞDx2ðP;QÞ ð20ÞThe nodal forces expressed in Eqs. (17)–(20), together with the constraint conditions, Eqs. (13), (14), complete the peri-
odic boundary conditions when the global stresses, rij, are given. After the solution, we obtain the displacement ui at the
master nodes P, Q, R, S, consequently, using the Gauss’ theorem and the deﬁnition of strain, the average strain of the RUC
can be calculated usingeij ¼ 12V f½uiðPÞ  uiðQÞSjðC1Þ þ ½uiðRÞ  uiðSÞSjðC2Þ þ ½ujðPÞ  ujðQÞSiðC1Þ þ ½ujðRÞ  ujðSÞSiðC2Þg ð21Þwhere SiðC1Þ ¼
R
C1 nidC and SiðC2Þ ¼
R
C2 nidC are constants determined by the geometry of the RUC.
4. Results and discussions
4.1. A two-scale approach
To predict the effective properties of a ﬁlament-wound tube, two analyses are required: (1) The analysis of a micro-scale
RUC model for the ﬁbre bundle; and (2) The analysis of a meso-scale RUC model for the ﬁlament-wound tube.
4.1.1. Analysis of the micro-scale RUC for ﬁbre bundles
In this analysis the effective material properties of the homogenized ﬁbre bundles are obtained which will then be
used for the meso-scale analysis of the tube. Therefore analytical method, numerical method, empirical method or even
tests can be used to evaluate the material properties of the ﬁbre bundles. The analytical and numerical procedures are
similar to the micromechanics of a unidirectional laminate in which the effective properties of the unidirectional com-
posites are determined from the properties of the constituents. Note that analytical or empirical formulae have the
advantage of being easy to use for the quick evaluation of a parametric study, thus are widely used by many researchers
in the analysis of textile composites. A discussion of this can be found in, e.g., Lomov et al. (2007), where the effective
properties of the yarn predicted by the Chamis formula (Chamis, 1989) and by the FEM are compared. In this paper, FEM
scheme of a micro-scale RUC of a unidirectional laminate in Xia et al. (2003) will be used to evaluate the effective prop-
erties of the ﬁbre bundle. In the aforementioned paper examples are provided in which it is shown that the FEM pre-
dicted elastic constants of unidirectional laminates agree very well with experimental and analytical results in the
literature.
Assuming the composite is globally anisotropic and linearly elastic, the homogenized constitutive relation can be written
aseij ¼ Sijklrkl ð22Þ
where Sijkl is the effective compliance tensor (fourth order tensor) and rij, eij are the global stress and the global strain ten-
sors, respectively. Once eij of a RUC are obtained for given rij or vice versa, the elements of the compliance tensor can be
determined from Eq. (22). And then the engineering elastic constants of the material can be computed accordingly (Xia
et al., 2003).
In the current paper, the material system considered is E-glass ﬁbre/epoxy and both constituents are assumed to be iso-
tropic linear elastic. The elastic constants are: Ef = 72,400 MPa, mf = 0.22 for the ﬁbre; and Em = 3,270 MPa, mm = 0.36 for the
matrix (Zhang, 2006). In a Cartesian coordinate system (1, 2, 3), taking the 1 direction to be in the ﬁbre direction, then 2
direction is the transverse direction and the 3 direction is in the thickness direction of the ﬁbre bundle. Due to symmetry
of the hexagonal ﬁbre array, transversely isotropic properties will be predicted with ﬁve independent material constants.
For a ﬁbre volume fraction of 60%, the transversely isotropic properties of the ﬁbre bundle obtained from the FEM analysis
of a hexagonal RUC are: E11 = 44.8 GPa, E22 (=E33) = 11.7 GPa, G12 (=G31) = 4.2 GPa, G23 = 4.1 GPa, m12 (=m13) = 0.27, m23 = 0.42
with the relation G23 ¼ E222ð1þt23Þ.
4.1.2. FEM analysis of the meso-scale RUC for the tube
Due to the complex ﬁbre bundle architectures, the meso-scale RUC model for a ﬁlament-wound tube established in the
Section 2.3 will be solved by the ﬁnite element method. In this study, we only consider the tube wound by two layers in the
±h directions, i.e., the ratio of thickness to diameter of the tube is very small. Thus, the RUC can be unfolded into a ﬂat plate
and only the in-plane effective properties will be predicted.
Y. Zhang et al. / International Journal of Solids and Structures 45 (2008) 5322–5336 5329In the meso-scale RUC model of the ﬁlament-wound tube, the ﬁbre bundles are assumed to be homogeneous materials,
with the effective orthotropic properties predicted by the micro-scale RUC model. For orthotropic materials, the elastic con-
stants are usually expressed in the material principal directions. For the cross-over part in the model, ﬁbre undulation im-
plies that the principal directions vary since the ﬁbre direction is one of the principal directions. As shown in Fig. 5, the
principal directions are described by a local coordinate system (1, 2, 3). For each cross-section of the undulation part, the
nine direction cosines of the axes (1, 2, 3) with respect to the axes of the global FEM coordinate system (x, y, z) should be
input to the FEM code; hence, the elastic constants in the principal directions are transformed to the global FEM coordinate
system. In the present paper, the principal directions of each ﬁnite element are assumed to be ﬁxed which coincides with the
principal directions of the centroid of the element. In ﬁnite element software ANSYS, the local coordinate system is intro-
duced as the element coordinate system (ESYS).
From Eq. (22), and using engineering notations, the global stress, global strain and the effective material constants are
related byexx
ezz
cxz
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>; ð23Þwhere Exx and Ezz are the effective moduli in the axial and hoop directions, respectively. Gxz is the effective in-plane shear
modulus. mxz is the effective in-plane Poisson’s ratio and gx and gz are the effective coupling coefﬁcients between the normal
and the shear deformation. Using the procedure described previously, all the above 6 effective in-plane constants can be
obtained.
With the aid of the ANSYS APDL, the FEM procedures: the solid modelling of the RUC, meshing, speciﬁcation of the peri-
odic boundary conditions, and the post-processing are programmed to obtain the effective properties. Therefore each anal-
ysis can be carried out with varying parameters.
In the following the inﬂuences of processing parameters, n, fa, fb, on the effective in-plane properties are analyzed. More-
over, the stress/strain distribution in a meso-scale RUC is also presented which indicates that the internal ﬁbre architecture
has a pronounced inﬂuence on the local stress/strain distributions.
4.2. Effective in-plane properties of a ﬁlament-wound tube-the inﬂuence of n
To study the inﬂuences of the winding parameters on the effective in-plane properties of a tube, a series of RUC models
with various n, fa, fb were created (see Section 2.2). Fig. 6a shows a typical RUC model with the parameters of n = 4, fa = 5,
fb = 5, h = 45. For the sake of clarity, only a part of the ﬁnite element mesh is shown in Fig. 6b. The coordinate axes X and
Z correspond to the axial and hoop direction of the tube, respectively. For an in-plane loading, only the global stress com-
ponents rxx, rzz and sxz are considered.
For the purpose of comparison, the predictions using a CLT model and a modiﬁed CLT model similar to that of Raju and
Wang (1994) are also calculated for a ±45 symmetric laminate. In the calculation using the CLT model, the lamina properties
are taken from the micromechanical predictions using a RUC model for unidirectional laminates of Vf = 0.6 (See Section 4.1).
In the modiﬁed CLT model, we consider a case in which the number of winding circuits n is a variable, but with ﬁxed fa = fb.
As shown in Fig. 3, it is assumed that the averaged ½Amatrix of the CLT over the volume of the RUC will be used to determine
the effective stiffness of the RUC (Raju and Wang, 1994).Fig. 5. Local coordinate system.
Fig. 6. Meso-RUC model for a ﬁlament-wound tube (n = 4, fa = 5, fb = 5, h = 45).
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ð24Þwhere nt, nA, nB, and nC are the total number of basic blocks of the RUC, number of basic blocks A, B, and C, respectively. In
basic block C, there is no ﬁbre undulation, thus
R 2h
0 QijðCÞdy is calculated as that of a ±45 laminates from the lamina stiffness
Qij. Basic block A contains both non-undulated and undulated layers. For non-undulated layers QijðAÞ is calculated similar to
that of the blocks Cwith an equivalent thickness according to the volume fraction of the layer. For undulated layers, the elas-
tic properties of the undulated ﬁbre are ﬁrst evaluated over the undulated length and angle determined by Eq. (2), then QijðAÞ
is calculated using the averaged lamina properties. The calculation for the basic blocks B is similar to basic block A, exceptFig. 7. Inﬂuence of winding circuits n on the in-plane mechanical properties.
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erties of the RUC can be evaluated from the matrix ½A. For details interested readers are encouraged to consult Raju and
Wang (1994) and Ishikawa and Chou (1983).
In this section, the results for the RUCs with different winding circuits n will be presented. The inﬂuences of fa and fb will
be presented in the following sections.
Fig. 7a–d, show the predicted effective in-plane constants for n varying from 2 to 7, but fa = fb = 5. The predictions of the
CLT and the modiﬁed CLT model are also plotted in the Figure. It is seen from Fig. 7a that the Exx and Ezz are very close to each
other for all the winding circuits n. At n = 2, the difference of the FEM prediction and the CLT prediction is about 2.5% and at
n = 7, the difference is about 1%. Note that the predictions of the modiﬁed CLT model lie in between the CLT and the current
FEM results. Therefore, for Exx and Ezz the inﬂuence of n is not signiﬁcant and the FEM predictions are very close to the pre-
dictions of the two CLT based models.
Fig. 7b displays the predicted effective shear modulus for the tubes of different winding circuits and the comparison with
that of the classical laminate theory. In this case, at n = 2, the difference of the FEM and the CLT is about 9% and at n = 7, the
difference is about 4%. The modiﬁed CLT model again predicts the results which lie in between those of the CLT model and
the FEM predictions but has a similar trend as that of the latter. As seen in Fig. 7b, although the modiﬁed CLT model predicts
closer value to those of the FEM, the difference between the predictions of the two models is still greater than 5% at n = 2.
Therefore, for shear modulus the inﬂuence of n is relatively large, especially at small values of n, and both the CLT and the
modiﬁed CLT models over-estimate the shear modulus. Fig. 7c depicts the predicted effective Poisson’s ratio for the tubes of
different winding circuits and the comparison with the predictions of the CLT and the modiﬁed CLT models. Again, the CLT
based models over-estimate the Poisson’s ratios. At n = 2, the difference of the FEM and the CLT predictions is about 5% and at
n = 7, the difference is about 3%.
The predicted coupling coefﬁcients between the normal and shear deformation is displayed in Fig. 7d. As seen from the
ﬁgure, the predicted coupling-coefﬁcients are very small (two orders of magnitude smaller than the Poisson’s ratio mxz inFig. 8. Inﬂuence of fa on the in-plane mechanical properties.
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CLT model and the modiﬁed CLT model predict zero coupling coefﬁcients.
4.3. Effective in-plane properties of a ﬁlament-wound tube-the inﬂuence of fa
To investigate the inﬂuence of fa, a series of meso-scale RUC models with n = 3 and fb = 5 being ﬁxed, but fa varying from 1
to 8.75 was created. The predicted effective in-plane constants are plotted in Fig. 8a, b, c, d. Note that similar to earlier ﬁg-
ures, the dashed lines represent the predictions of the CLT. It is seen in Fig. 8a that moduli Exx and Ezz are very close for all the
fa values plotted. At fa = 1 (fa/ fb = 0.2, it implies that fb takes a larger portion in the width of ﬁbre bundle, see Fig. 2; hence,
there is more undulation areas in the RUC), the difference of the FEM prediction and the CLT prediction is about 7.8% and at
fa = 8.75 (fa/fb = 1.75, meaning that fb takes a smaller portion in the width of ﬁbre bundle; thus, there is less undulation areas
in the RUC), the difference is about 1%. As noted in Fig. 8b, the trend of shear modulus Gxz is similar to that of the Exx and Ezz,
however, the differences between the predictions by the FEM and the CLT are greater. At fa = 1 and at fa = 8.75, the differences
are 28% and 8.5%, respectively. The predictions of the in-plane Poisson’s ratio are displayed in Fig. 8c. At fa = 1 and at fa = 8.75,
the differences are 11% and 2.2%, respectively. Therefore, from Fig. 8a–c, it is seen that the CLT predictions overestimate the
elastic constants. Finally, as indicated by Fig. 8d, the predicted coupling coefﬁcients are two orders of magnitude smaller
than the Poisson’s ratio mxz, implying that the coupling effect is negligible.
4.4. Effective in-plane properties of a ﬁlament-wound tube-the inﬂuence of fb
As indicated in Rousseau et al. (1999), in practical ﬁlament windings, the wing width of a ﬁbre bundle fb varies from 6 to
10. To study the inﬂuence of fb, meso-scale RUC models with n = 3 and fa = 5 being ﬁxed, but fb varying from 4 to 10 wereFig. 9. Inﬂuence of fb on the in-plane mechanical properties.
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tic constants are rather small as can be seen from the predicted nearly horizontal lines shown in Fig. 9a–c.
4.5. Stress/strain distribution in a meso-scale RUC
The variations of the effective in-plane properties originate from the variations of the internal ﬁbre architectures. More-
over, for a speciﬁc global load, the stress/strain ﬁeld in a RUC is also determined by the ﬁbre architecture. It is important to
study the stress/strain distribution in a RUC since it gives the essential information on the stress/strain concentration due to
ﬁbre undulation/overlap. This in turn will indicate the location of damage initiation at an early stage of loading with conse-
quences in the design of the tubular structures.
Using the RUC with n = 3, fa = fb = 5, which is shown in Fig. 3, a global stress rxx ¼ 10MPa (along the axial direction of the
tube) is applied to the RUC. The distributions of the stress component (rxx) and the strain component (exx) on the top surface
of the RUC are displayed in Figs. 10 and 11, respectively. Note that in these two ﬁgures, RUC portions with ﬁbre undulation/
overlap are indicated by zones with grey dashed lines. These zones are also shown in Fig. 3a as blocks marked by A and B. It is
seen in Figs. 10 and 11, that the distribution of stress/strain indicates areas with high stress/strain concentration. Referring to
Fig. 3, these zones correspond to the locations of the basic blocks of type B, in which the wing part of ﬁbre bundle exhibits
undulation/overlap. The inlets in Figs. 10 and 11 show the magniﬁed local distributions at these regions in which the high
stress/strain concentrations are clearly displayed. In locations built-up by basic blocks of type A, the stress/strain compo-
nents have limited variation; while in the uniform zones of the RUC built-up by the basic blocks of type C, the stress/strain
distributions are quite uniform.
Local stress/strain distributions in the ﬁbre bundle are vital for the prediction of damage initiation. Fig. 12a shows the
distribution of the local transverse strain e22 within part of the 45 ﬁbre bundle in the RUC (part circled in Fig. 11). As shown
in Fig. 12b and referring to Fig. 3, this portion of ﬁbre bundle consists of four regions, I, II, III, and IV which are corresponding
to basic blocks A, B, A and C, respectively. Fig. 12a and the detail numerical results indicate that high local strain values occur
at basic blocks A and B, implying that ﬁbre undulation regions are the possible locations of damage initiations. Note that this
prediction is in agreement with the experimental observation on the damage evolution of a ﬁlament-wound tube. As indi-
cated by the test results in Rousseau et al. (1999), damage initiates in locations where ﬁbre cross-over/undulation occurs.Fig. 10. Distribution of stress component rxx in a meso-RUC.
Fig. 11. Distribution of strain component exx in a meso-RUC.
Fig. 12. Distribution of the local strain e22 within part of the 45 ﬁbre bundle.
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of loading. Nevertheless, the local stress/strain concentration is critical for the study of damage and this is another key
advantage of the meso-RUC analysis based on FEM method over the classical laminate type models.
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The following conclusions are drawn from the results presented in this investigation:
 A two-scale approach has been established to analyze a ±h helical wound tube. Through the micro-scale analysis, the effec-
tive properties of the ﬁbre bundles are directly related to the properties of the constituents and the assumed ﬁbre distri-
bution. Effective properties of a ﬁlament-wound tube are then obtained by the analysis of a meso-scale RUC in which the
complex ﬁbre bundle architecture is accurately described.
 Bottom-up solid modelling technique is employed to build the meso-scale RUC model for a helical wound tube. It is shown
that a complex RUC with ﬁbre bundle cross-over, undulation and overlap can be constructed by three basic blocks.
 For RUCs with arbitrary shape, a uniﬁed approach to implement periodic boundary conditions into a FEM scheme is
presented.
 A special supplementary software is developed which can automatically create RUC models of ±h helical wound tubes
depending on inputted processing parameters. In addition the FEM procedures including the automatic meshing, auto-
matic speciﬁcation of the periodic boundary conditions and the post-processing are incorporated in the supplementary
software.
 As a numerical example, the effective in-plane elastic constants of a ±45 tube were predicted and compared with
the predictions by the CLT model and the modiﬁed CLT model which accounts for the ﬁbre undulation effect in an
average manner. Through the parametric study it is found that in all cases, the CLT type models over-estimate the
elastic constants. The difference between the predictions of the meso-RUC and the CLT is more noticeable for shear
modulus.
 The distribution of stress/strain components depends on the internal ﬁbre bundle architecture. In particular, high stress/
strain concentration regions are observed at the ﬁbre undulation/overlap locations. The local stress/strain concentration is
important information in the study of damage of ﬁlament wound tubes.
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